The crystallographic features of the ferroelectric rhombohedral (FR) state in Ba(Ti 1¹x Zr x )O 3 (BTZ) have been investigated between 300 and 450 K mainly by transmission electron microscopy, with the help of the failure of Friedel's law in electron diffraction. It was found that regions having ©001ª PC -and ©110ª PC -polarization components in the FR state were separately observed in dark field images, where the subscript PC denotes the paraelectric state. Based on the positional correspondence between regions with ©001ª PC and ©110ª PC components, the ferroelectric state for 0.11¯x¯0.17 could be explained as the nanometer-scale coexistence state consisting of fine FR and ferroelectric-tetragonal (FT) stripes, instead of the single FR state. In-situ observation also revealed that, when the temperature was lowered from the PC state, nanometer-scale polar (NP) regions with ©001ª PC and ©110ª PC components in the PC state were, respectively, coalesced into a banded structure with an average size of about 200 nm, and into fine stripes with that of about 30 nm. It is thus understood that the difference between the behaviors of the coalescences of NP regions with ©001ª PC and ©110ª PC components is directly associated with the appearances of both a complicated domain structure for x = 0.09 and the nanometer-scale coexistence state for 0.11¯x¯0.17.
Introduction
It is known that two simple-perovskite oxides can form a mixedoxide system as a solid solution. One such typical ferroelectric system is the mixedoxide system Pb(Ti 1¹y Zr y )O 3 (PTZ) having PbTiO 3 as a ferroelectric end material. The interesting features of PTZ are that there exists a so-called morphotropic phase boundary (MPB) that is almost temperature independent, and that a remarkable piezoelectric response was reported near the MPB.
1) The origin of this unusual response has so far been explained in terms of the rotation of a polarization vector in the ferroelectric M A -type state with monoclinic symmetry.
2)5) The ferroelectric domain structure in the M A -type state was also found to consist of nanometer-scale polar domains. 6) In addition to PTZ, there exists the mixedoxide system Ba(Ti 1¹x Zr x )O 3 (BTZ) having BaTiO 3 (BT) as an end material. According to previous studies, 7) 13) when the Zr content increases from x = 0 at about 300 K, the ferroelectric tetragonal (FT) state in BT changes into the orthorhombic (FO) state around x = 0.02, into the rhombohedral (FR) state around x = 0.09, and then into the paraelectric cubic (PC) state around x = 0.24. In other words, the state changes with increasing Zr content are entirely consistent with the successive transitions in BT with respect to temperature, and the FR state becomes more stable for larger Zr contents. As a result of the stabilization of the FR state, the direct (PC¼FR) transition should be expected for larger Zr contents.
As mentioned just above, the (FT¼FO¼FR) state changes were reported to occur at about 300 K in BTZ. 7) It is obvious that these changes are equivalent to a change in polarization-vector directions, which is expressed by (©100ª PC ¼©110ª PC ¼©111ª PC ). The point to note here is that Fu and Cohen made a firstprinciples calculation concerning the state changes under an applied electric field for BT. 14) When an electric field was applied along the [ With the possibility of the appearance of the M A state, in this study, the crystallographic features of prepared BTZ samples with 0.09¯x¯0.17 have been investigated mainly by transmission electron microscopy to understand the detailed features of the previously-reported FR state. In particular, in-situ observation was carried out for the formation of the FR state from the PC state on cooling. In addition, the failure of Friedel's law in electron diffraction was utilized for the analysis of ferroelectric domain structures in the FR state of BTZ.
Experimental procedure
BTZ samples with 0¯x¯0.17 were prepared from initial powders of BaCO 3 , TiO 2 , and ZrO 2 by a solid-state-reaction method. In this study, the Zr contents of samples covered the range between x = 0.09 and 0.17 with an interval of x = 0.02, in addition to those for x = 0 and 0.05. The details of the sample preparation procedure have already been described in our previous paper.
15) The characterization of each prepared sample was made by measuring its dielectric permittivity, using a usual LCR method. The crystallographic features of prepared BTZ samples were examined in the temperature range between 300 and 450 K by means of JEM-2010 and JEM-3010 transmission electron microscopes with an accelerating voltage of 200 and 300 kV, respectively. Thin specimens for our observation by transmission electron microscopy were prepared by the Ar-ion-thinning technique. In the present experiment, a direction of a polarization vector in each domain was also determined by analyzing dark field images taken under a two-beam condition, which leads to the failure of Friedel's law in electron diffraction. 16) Here, we briefly explain the theoretical background for the failure of Friedel's law in electron diffraction. According to the dynamical theory proposed by Fujimoto, 16) the failure of Friedel's law can occur in a transmission diffraction condition. When intensities of reflections with scattering vectors of g = [hkl] and g = [ h k l] are, respectively, written as I g and I g , his theory indicates that the intensity ratio I g =I g is given by
In this equation, D is a thickness of a crystal, k is a wave number of an electron, and v i is a Fourier coefficient of a crystal potential. The prim in the sum P means the absence of zero and g terms. The symbol ¿ indicates the imaginary part of (v g P0 m v Àm v mÀg ). From Eq. (1), it is understood that the asymmetry of the intensity first comes from the second terms in the numerator and the denominator. Although the two-beam condition was utilized in our observation, the second term indicates that weak reflections for v m play an essential role in the failure of Friedel's law.
Experimental results
Each BTZ sample prepared in this study was evaluated by measuring both real dielectric permittivity ¾ 0 and dielectric loss tan(¤) at various temperatures. The temperature dependences of measured ¾ 0 values with 100 kHz for x = 0.05, 0.09, 0.11, 0.15, and 0.17 in the cooling process from the PC state are shown in Fig. 1(a) . Among these BTZ samples, there are both a peak and a step-like change in the temperature dependence for x = 0.05 and 0.09, as indicated by the arrows. When the temperatures for the peak and the step-like change are, respectively, referred to as T 1 and T 2 , the temperatures of T 1 and T 2 are estimated to be about 385 K and about 325 K for x = 0.05, and about 370 K and about 350 K for x = 0.09. It is known that the similar behavior of the dielectric permittivity was already found in BT as an end material. The peak and the step-like change in BT correspond to the (PC¼FT) and (FT¼FO) transitions, respectively. That is, the temperature T 1 is identified as the Curie temperature Tc for the (PC¼FT) ferroelectric transition. In addition, although the behavior of ¾ 0 for x = 0.09 is similar to that for x = 0.05, the tan(¤) curves for x = 0.09 exhibits another peak T 3 at about 320 K, as indicated by the arrow in Fig. 1(b) . The presence of the T 3 peak indicates that the behavior of the transitions for x = 0.09 should be distinct from that for x = 0.05, where the (PC¼FT¼FO) transitions take place on cooling. As for x = 0.11, 0.15, and 0.17, on the other hand, there is only a single ¾ 0 peak, which reflects the direct PCtoFR transition on the basis of the reported state diagram. The peak temperature is apparently referred to as Tc for the PCtoFR transition. Keeping these features in our minds, the observations of the previously-reported FR state were made for prepared BTZ samples by transmission electron microscopy.
Bright and dark field images of BTZ samples with x = 0.09, 0.11, 0.13, 0.15, and 0.17 were taken at 300 K to understand the features of ferroelectric domain structures in the FR state. It was, as a result, found that the domain structure for x = 0.09 was distinct from those in the others. Two dark field images obtained from samples with x = 0.09 and 0.15 are, as two examples, shown in Fig. 2 , together with their corresponding electron diffraction patterns. These two images with the [110] PC electron beam incidence were taken at 300 K under a two-beam condition by using the 110 PC reflection. We see a very complicated domain structure in the image for x = 0.09, Fig. 2(a) . Its feature is that there are uniform-contrast regions with an average size of about 0.3¯m, as indicated by the arrows, as well as banded-structure regions involving fine stripes. As seen in Fig. 2 (b) for x = 0.15, on the other hand, a herringbone-type domain structure is basically present in the sample, and consists of both a banded structure and fine stripes in the interior of each band. As for the crystallographic features of the herringbone-type domain structure, bands in the banded structure have an average width of about 200 nm, and an average orientation of an interface between two neighboring bands is nearly parallel to the ( 110) PC plane. In addition, fine stripes have an average width of about 30 nm and are elongated along one of the ©111ª PC directions.
To understand the features of the FR state reported so far, we started with the analysis of the herringbone-type domain structure for 0.11¯x¯0.17. Figure 3 shows dark field images obtained from one very large band in the herringbone-type domain structure at 300 K for x = 0.15, together with a corresponding [110] PC electron diffraction pattern, an overlapped image, and a determined domain-structure model. The images in Figs. 3(a)3(d), and 3(f ) were actually obtained from the white-square area in the image, the inset of Fig. 3(a) , and taken under a two-beam condition by using g = 110 PC , 1 10 PC , 002 PC , 00 2 PC , and 111 PC , respectively. The scattering vector of g = 110 PC was also used for the image in the inset of Fig. 3(a) , and the diffraction pattern is shown in the inset of Fig. 3(d) . In addition, the reason of the selection of the white-square area is that, fortunately, no strain contrast was basically detected in it. That is, we could get only the contrast reversal due to the failure of Friedel's law in dark field images. Then, the point to note here is that, when the scattering and polarization vectors are denoted by g and P, a ferroelectric domain with g·P > 0 can be observed as bright contrast in dark field images. 17), 18) In other words, a contrast between two neighboring domains with P and -P is vanished for the condition of g¦P.
Among the dark field images in Fig. 3 , we first look at the images in Figs. 3(a) and 3(b) for g = 110 PC and 1 10 PC , there are many fine stripes with an average width of about 30 nm in the images, and each fine stripe is elongated along the [ 111] PC direction. From the comparison between the contrasts observed in these two images, it is likely that bright-and dark-contrast stripes for g = 1 10 PC are basically reversed to those for g = 110 PC . However, it is hard to get a clear correspondence between locations of fine stripes in these images. The careful investigation of the correspondence will then be made below. As for the images in Figs. 3(c) and 3(d) for g = 002 PC and 00 2 PC , on the other hand, we can see faint-bright and faint-dark bands with an average width of about 70 nm, and a normal of an interface between two neighboring faint bands is nearly parallel to the [1 12 ] PC direction. The feature of the images is that, in spite of the obscure interface, bright-and dark-contrast bands for g = 002 PC are basically reversed to those for g = 00 2 PC . With the help of the failure of Friedel's law, it is thus understood that faint-bright and faint-dark bands in Fig. 3(c) 
2 PC , and (f ) g = 111 PC . (e) The overlapped image constructed by a superposition of the two images in (a) for g = 110 PC and in (c) for g = 002 PC . To understand the positional correspondence among fine stripes, the overlapped image, the image for g = 110 PC , and the image for g = 1 10 PC for the white-square area in (e) are shown in (g1), (g2), and (g3), respectively. In addition, the determined domain-structure model is schematically depicted in (g4).
Journal of the Ceramic Society of Japan 123 [9] To analyze the domain structure for the white-square area in the inset of Fig. 3(a) , we first overlapped the two images for g = 110 PC and 002 PC , Figs. 3(a) and 3(c), and got the overlapped image shown in Fig. 3(e) . The overlapped image clearly indicates that bright and dark stripes are alternatively arranged along the [1 12 ] PC direction. Because each bright stripe in the overlapped image originates from the overlapping of a bright stripe in the image for g = 110 PC and a faint-bright band for g = 002 PC , its polarization vector is understood to be parallel to the [ 111] PC direction.
Keeping the above-mentioned result in our minds, we next focus on the white-rectangle area in the overlapped image to understand the detailed features of a domain structure in dark stripes. Figures 3(g1)3(g3) are, respectively, the overlapped image, the g = 110 PC image, and the g = 1 10 PC image for the white-rectangle area in Fig. 3(e) , together with its determined domain-structure model in Fig. 3(g4) . As for bright stripes with the [ 111] PC polarization in the overlapped image, it is first confirmed that bright stripes give rise to bright contrast in Fig. 3(g2) for g = 110 PC and dark contrast in Fig. 3(g3) for g = 1 10 PC , as indicated by the red double arrows. On the other hand, each dark stripe in the overlapped image seems to be characterized by a set of three fine stripes in the image for g = 110 PC , which are observed as dark, faint-dark, and dark contrasts, respectively. Among these fine stripes, two dark-fine stripes for g = 110 PC give rise to bright contrast in the image for g = 1 10 PC , as indicated by the green double arrows. In spite of rather obscure, furthermore, faint-dark fine stripes for g = 110 PC can be detected as dark contrast for g = 1 10 PC , as marked by the blue double arrows. That is, the contrast reversal due to the failure of Friedel's law does not occur for faint-dark fine stripes. This is an indication that faint-dark fine stripes do not have the rhombohedral symmetry, but the tetragonal one. Because faint-dark fine stripes are observed as bright contrast in the image for g = 00 2 PC , Fig. 3(d) , their polarization vector should be parallel to the [00 1] PC direction. Based on the experimental data mentioned just above, we constructed a ferroelectric domain-structure model, Fig. 3(g4) , for the white-square area in the overlapped image, Fig. 3(e) In-situ observation by transmission electron microscopy was carried out to understand the formation of the nanometer-scale coexistence state consisting of fine FR and FT stripes for 0.11x¯0
. 17 . Figure 4 shows a series of dark field images of the same area in an x = 0.15 sample, together with a corresponding [110] PC electron diffraction pattern in the inset. The Curie temperature Tc for x = 0.15 was estimated to be about 345 K from the peak temperature of ¾ 0 in Fig. 1(a) . The images in Figs. 4(a) and 4(aB), 4(b) and 4(bB), 4(c) and 4(cB), and 4(d) and 4(dB) were, respectively, taken at 358 K, at 341 K, at 328 K, and 300 K on cooling, and the scattering vectors of g = 002 PC and 110 PC were used for the images in Figs. 4(a)4(d), and for those in Figs. 4(aB)4(dB). Among these images, the images at 358 K above Tc, Figs. 4(a) and 4(aB), exhibit a relatively uniform contrast, but we can detect bright-contrast dots with an average size of about 5 nm, which will be clearly seen in Fig. 5 . When the temperature was lowered below Tc, a banded domain structure with an average size of about 200 nm appeared for g = 002 PC , and the contrast of the banded structure became shaper on subsequent cooling, as seen in the images at 341, 328, and 300 K, Figs. 4(b)4(d) . The features of the banded structure are that its morphology is basically unchanged in the cooling process, and that fine stripes can be detected in the interior of each band at 300 K, as indicated by the arrows in Fig. 4(d) . The appearance of these fine stripes for g = 002 PC is likely to follow that for g = 110 PC , which will be shown below.
As for the images for g = 110 PC , when the sample was cooled down from the PC state, bright dots in the PC state were rearranged locally and started to coalesce around Tc, Fig. 4(bB) . The subsequent cooling then resulted in the formation of fine stripes by the coalescence of bright dots along one of the ©111ª PC directions, as seen in Figs. 4(bB)4(dB). It is likely that the cooling below Tc never leads to an increase in sizes of bright dots themselves. Based on the analytical result of the domain structure for x = 0.15 in Fig. 3, bright Fig. 4 (aB) were actually taken at (a) 358 K, (b) 348 K, (c) 341 K, (d) 328 K, and (e) 300 K, where Tc is estimated to be about 345 K from the peak temperature of ¾ 0 . In the images, both the open circles and the arrows are added to easily find the same positions, as a visual guide. In addition, the reason of the selection of regions with © 110ª PC components is that the contribution of a strain contrast involved in dark field images is not dominant, compared with that for regions with ©001ª PC components.
When the temperature decreases from 358 K in the PC state, Fig. 5(a) , bright dots due to NP regions first rearrange locally above Tc, Fig. 5(b) , start to coalesce around Tc, Fig. 5(c) , and arrange along one of the ©111ª PC directions below Tc, Fig. 5(d) . Then, the subsequent cooling results in the formation of fine stripes consisting of NP regions with the [ 110] PC component, Fig. 5(e) . Based on this, the Curie temperature Tc for x = 0.15 can be characterized by a starting temperature for the coalescence of NP regions with ©110ª PC components into fine stripes. It should be noted that NP regions with ©001ª PC components are coalesced into a banded structure just below Tc.
Prepared BTZ samples with x = 0.09 was found to exhibit the very complicated domain structure, as seen in Fig. 2(a) . To understand its formation, we carried out in-situ observations of x = 0.09 samples by transmission electron microscopy. Figure 6 shows a series of dark field images obtained from the same area in an x = 0.09 sample on cooling from 398 K in the PC state. The images in Figs. 6(a) and 6(aB), 6(b) and 6(bB), 6(c) and 6(cB), and 6(d) and 6(dB) were actually taken at 398, 360, 330, and 300 K, and the scattering vectors of g = 002 PC and 110 PC were used for those in Figs. 6(a)6(d) , and for those in Figs. 6(aB)6(dB). Note that T 1 = Tc, T 2 , and T 3 for x = 0.09 was, respectively, determined to be about 370 K, about 350 K, and about 320 K from the temperature and frequency dependences of both ¾ 0 and tan(¤). In the PC images at 398 K, Figs. 6(a) and 6(aB), we see a relatively uniform contrast, but can detect bright-contrast dots with an average size of about 5 nm, just as in the case of x = 0.15. Brightcontrast dot is apparently due to NP regions. When the temperature is lowered below Tc, a banded structure appears around Tc by the coalescence of NP regions with ©001ª PC components, as seen in the image for g = 002 PC , Fig. 6(b) . In the image for g = 110 PC , on the other hand, we could not find fine stripes around 360 K, but there are regions with curved boundaries, as indicated by the arrows in Fig. 6(bB) . Because curved-boundary regions may have ©100ª PC or ©010ª PC components, the ferroelectric state at 360 K can be identified as the single FT state. The subsequent cooling then led to the nucleation of fine stripes below 350 K, as indicated by the small arrows in the image for g = 110 PC , Fig. 6 (cB), while only the contrast due to the banded structure became sharper in those for g = 002 PC , Fig. 6(c) . The notable feature is that the growth of fine stripes along one of the ©111ª PC directions was enhanced around 320 K for T 3 , where the tan(¤) curves exhibited the small peak, as shown in Fig. 1(b) . As seen in the images at 300 K, Figs. 6(d) and 6(dB), we finally found a very complicated domain structure consisting of both uniform-contrast regions with no fine stripe and banded-structure regions involving them. From the similarity to the domain structure for x = 0.15, furthermore, banded-structure regions for x = 0.09 should be characterized by the nanometer-scale coexistence state of fine FT and FR stripes. In addition, no fine stripe in uniform-contrast regions implies that large FT regions are still present at 300 K for x = 0.09.
Discussion
The present experimental data concerning the previouslyreported FR state in BTZ with 0.09¯x¯0.17 revealed that the state was characterized by the coexistence state of FR and FT regions. In the herringbone-type domain structure for 0.11x¯0
.17, particularly, the nanometer-scale coexistence state of fine FR and FT stripes was realized in the interior of each band. For x = 0.09, on the other hand, FT regions with an average size of about 0.3¯m as well as regions exhibiting the herringbonetype domain structure are present in the complicated domain structure. In addition, the in-situ observation clearly indicated that the difference between the coexistence states in x = 0.09 and 0.11¯x¯0.17 was directly associated with that between the evolutions of NP regions with ©001ª PC and ©110ª PC components, which were present in the PC state. Based on these experimental data, we below discuss the origins of the appearances of both the complicated domain structure for x = 0.09 and the nanometerscale coexistence state for 0.11¯x¯0.17.
In this study, the previously-reported FR state for 0.09¯x0 .17 in BTZ was found to be identified as the coexistence state of FR and FT regions. In particular, the nanometer-scale coexistence state of fine FR and FT stripes was realized in the herringbonetype domain structure. Based on these results, here, we first discuss the physical origin of the appearance of the nanometerscale coexistence state on the basis of the evolutions of NP regions with ©001ª PC and ©110ª PC components in the PC state. When the temperature is lowered from the PC state for 0.11x¯0
.17, just below Tc, NP regions with ©001ª PC components are coalesced into a banded structure with an average width of about 200 nm, while NP regions with ©110ª PC components start to coalesce locally and form fine stripes gradually on cooling. Because of both the parallel alignment of ©001ª PC components in a larger area and the slow growth of fine stripes, the ferroelectric state just below Tc can be regarded as the FT state as a spatial averaging state. As seen in Fig. 4(b) , the notable feature of this spatial-averaged FT state is that its domain structure consists of only a 180°domain structure. That is, there is no 90°domain structure. As is known in BT, a 90°domain structure as a twinning structure should appear to release a strain field produced by the appearance of the tetragonal distortion. In this situation, the subsequent cooling leads to the coalescence of NP regions with ©110ª PC components in order to form fine FR stripes with ©111ª PC polarizations. It is apparent that the appearance of fine FR stripes accompanies a rhombohedral distortion; that is, an expansion along one of the ©111ª PC directions and a contraction along its perpendicular ones. In other words, the latter contraction must stabilize a fine FT stripe that is sandwiched by two neighboring sets of fine FR stripes. It is thus understood that the elastic interaction between fine FR and FT stripes may be responsible for the appearance of the nanometer-scale coexistence state for 0.11¯x¯0.17 in BTZ.
In the complicated domain structure for x = 0.09, there exist larger FT regions, in addition to regions exhibiting the herringbone-type domain structure. From a series of the dark field images shown in Fig. 6 , the presence of larger FT regions seems to originate from the suppression of the growth of fine FR stripes. Here, we then discuss the origin of the suppression of the FRstripes growth, which should be associated with the formation of the complicated domain structure. We first pay attention to the fact that the starting temperature for the coalescence of NP regions with ©110ª PC components is about 20 K lower than the Curie temperature Tc for the coalescence of NP regions with ©001ª PC components. This indicates that the stable FT state, not the spatial-averaged FT state for 0.11¯x¯0.17, is present for x = 0.09 in the temperature range between about 370 K for T 1 = Tc and about 350 K for T 2 . In the stable FT state, the lowering of temperature leads to an increase in the magnitude of a tetragonal distortion. In spite of the increase in the distortions, however, a 90°domain structure is not introduced in the FT state. This implies that a strain field is not relaxed in the FT state for x = 0.09. Thus, the severe strain filed produced in the FT state is likely to suppress the growth of fine FR stripes, which accompanies both an expansion along the stripe direction and a contraction along its perpendicular ones. Based on this, we believe that the appearance of the complicated domain structure for x = 0.09 should be due to the elastic interaction between the tetragonal and rhombohedral distortions. It is eventually understood that the appearances of both the complicated domain structure for x = 0.09 and the nanometer-scale coexistence state for 0.11¯x0
.17 can be explained as being due to the competition between two types of the lattice distortions.
Conclusions
The previously-reported FR state in BTZ having BT as the end material has been investigated by transmission electron microscopy with the help of the failure of Friedel's law in diffraction. Our experimental data indicated that, when the temperature was lowered from the PC state, NP regions with ©001ª PC and ©110ª PC components in the PC state were, respectively, coalesced into a banded structure with an average size of about 200 nm, and into fine stripes with that of about 30 nm. The features of the coalescence for 0.11¯x¯0.17 are that NP regions with ©001ª PC and ©110ª PC components start to coalesce at the same temperature Tc, but that NP regions with ©110ª PC components grows gradually on cooling. The slow growth of the latter NP regions then leads to the herringbone-type domain structure for 0.11¯x¯0.17, which is characterized by the nanometer-scale coexistence state of fine FR and FT stripes. For x = 0.09, on the other hand, the starting temperature for the coalescence of NP regions with ©110ª PC components is about 20 K lower than that for NP regions with ©001ª PC components. The different temperatures for the coalescences in x = 0.09 lead to the complicated domain structure, which consists of both larger FT regions and regions exhibiting the herringbone-type domain structure. In this study, furthermore, the origins of the appearances of both the nanometer-scale coexistence state and the complicated domain structure were discussed in terms of the competition between the tetragonal and rhombohedral distortions.
